Charge carriers in semiconducting transition metal dichalcogenides possess a valley degree of freedom that allows for optoelectronic applications based on the momentum of excitons. At elevated temperatures, scattering by phonons limits valley polarization, making a detailed knowledge about strength and nature of the interaction of excitons with phonons essential. In this work, we directly access exciton-phonon coupling in charge tunable single layer MoS 2 devices by polarization resolved Raman spectroscopy. We observe a strong defect mediated coupling between the long-range oscillating electric field induced by the longitudinal optical phonon in the dipolar medium and the exciton. This so-called Fröhlich exciton phonon interaction is suppressed by doping. The suppression correlates with a distinct increase of the degree of valley polarization up to 20% even at elevated temperatures of 220 K. Our result demonstrates a promising strategy to increase the degree of valley polarization towards room temperature valleytronic applications.
A direct band gap 1 , remarkable light-matter coupling 2 , as well as strong spin-orbit 3 and Coulomb interaction 4 establish two-dimensional (2D) crystals of transition metal dichalcogenides (TMDCs) as an emerging material class for fundamental studies, as well as novel technological concepts. Valley selective optical excitation allows for optoelectronic applications based on the momentum of excitons [5] [6] [7] [8] [9] . For both, optical, as well as electronic phenomena, strength and nature of the electron-phonon interaction are crucial. Scattering with optical phonons dominates the mobility in single layer MoS 2 at room-temperature 10, 11 . Moreover, electron-phonon coupling plays a fundamental role in the dynamics of photo excited electron hole pairs and related excitons that are bound by strong Coulomb interaction. The electron-phonon or exciton-phonon interaction is of great importance regarding fast cooling of photoexcited carriers [12] [13] [14] , the homogeneous linewidth of excitonic luminescence [15] [16] [17] , optical absorption spectra 18 and coherence 19 . In addition to lattice imperfections and disorder 20 , scattering by phonons is a significant mechanism for valley depolarization and decoherence of excitons, resulting in a breakdown of valley polarization at temperatures above~100 K 8, 21 , thus preventing high-temperature valley polarization required for realistic applications. Exciton-phonon interaction can be directly accessed by resonant Raman spectroscopy, where excitons play an important role as real intermediate states 22 .
Here, we combine polarization resolved photoluminescence (PL) with resonant and non-resonant Raman spectroscopy to identify Fröhlich exciton-LO phonon interaction as a significant contribution to valley depolarization via direct exchange interaction in single layer MoS 2 . We use field effect structures with electrolyte gates that enable a tuning of the free electron density n e by two orders of magnitude to demonstrate electronic control over the Fröhlich exciton-LO phonon scattering rate and its correlation to the degree of circularly polarization of the PL of the A exciton.
Results
Polarization resolved photoluminescence on gated MoS 2 . Polarization resolved PL measurements and the resulting degree of polarisation (DoP) are summarized in Fig. 1 for a large range of charge carrier densities at elevated temperature of T = 220 K for an excitation energy of E i = 1.96 eV. The PL experiments are carried out on a 1L-MoS 2 field effect device utilizing an ionic liquid top gate. Figure 1a shows the circularly co-polarized and cross-polarized PL of the A exciton for applied gate voltages of −2 V and 0 V, corresponding to low and high electron densities, respectively. We estimate an increase of the electron density in the order of~10 13 cm −2 when increasing V gate by 2 V (Supplementary Fig. 1 ). For increasing V gate , we observe a decrease of the PL intensity, consistent to the well-studied bleaching of the electron radiation interaction for high n e resulting mainly from Coulomb screening 23 . Figure 1b shows the corresponding spectrally resolved degree of polarization calculated as DoP = (I(σ + ) −I(σ − ))/(I(σ + )+I(σ − )) for a series of V gate . In Fig. 1c the DoP at the maxima of the PL peak is plotted as function of the gate voltage together with the DoP of the individual contributions decomposed by a line-shape analysis using Gaussian functions for the neutral (A 0 ) and the charged (A − ) excitons (c.f. Supplementary  Fig. 7 ). Taking the values obtained from the total PL signal as a lower limit, we observe an increase of the DoP to up to 20% with increasing charge carrier density n e by applying a gate voltage of V gate = 1 V, while for depletion of the 2D system with negative V gate , the DoP is vanishing. The values for the A 0 and A − contributions even reach DoP values of~60% and~40%, respectively. According to literature, optically induced valley polarization is robust only for temperatures up to~100 K 8 , what is consistent with the absence of valley polarization in our measurements at T = 220 K for low n e . It is known that resonant pumping increases the DoP 7 . In the presented experiment, however, the energy of the A exciton complex gets slightly more off-resonant for increasing n e (Fig. 1a ). Thus, the resonance energy cannot account for an increasing DoP, which we observed on multiple samples. We therefore investigate the exciton-phonon interaction as a possible depolarizing mechanism in dependence of n e by means of Raman spectroscopy.
Polarization resolved resonant Raman spectroscopy. The Raman active optical phonon modes in 1L-MoS 2 visible in backscattering configuration are an out-of-plane oscillation A' 1 and the in-plane mode E' that is represented by one longitudinal optical (LO) and one transverse optical (TO) phonon branch ( Fig. 2a ). Phonons interact with electrons via the deformation potential (DP) 24 . Additionally, in polar crystals such as TMDCs, longitudinal optical (LO) phonons induce a macroscopic electric field which can strongly couple to electrons or excitons via the Fröhlich interaction (FI) 25 as sketched in Fig. 2b . In polarization resolved light scattering experiments, the observed intensity is determined by
where ê i and ê s are the electric field vectors of the incident and the scattered light and R is the tensor of the scattering interaction, which in the case of DP interaction represents the symmetry of the phonon mode. For the A' 1 and the E' phonons, the DP Raman Spectra are normalized to the maximum of the respective co-polarized spectrum. The absolute intensity of the spectra for −2 V is a factor of 10 higher than for the spectra taken for 0 V. b Spectrally resolved degree of polarization for a series of gate voltages. Negative (positive) gate voltages correspond to electron depletion (accumulation). c Degree of polarization as a function of the applied top gate voltage of the total PL signal as shown in b evaluated at the PL peak maxima, and of the individual contributions of the neutral (A 0 ) and charged (A − ) exciton obtained from peak fits. The error bars denote the standard deviation from the fit approach tensors are 26 :
For linearly polarized light, according to Eqs. (1) and (2) the A' 1 mode maintains the polarization of the scattered light, whereas light scattered by the E' mode is unpolarized. In the case of circularly polarized incident light, the A' 1 mode maintains the polarization, whereas the E' mode turns circularly right-handed (σ + ) to circularly left-handed (σ − ) polarized light 27 . The polarization dependences of the DP tensors are confirmed in nonresonant (E i = 2.54 eV) Raman measurements depicted in Fig. 2c , where the A' 1 mode is co-polarized and the E' mode is crosspolarized under circularly polarized excitation. We refer to the configurations (ê i , ê s ) = (σ + , σ + ) and (σ + , σ − ) as co-polarized and cross-polarized configurations, respectively. The polar plot representation of the normalized mode intensities in Fig. 2f clearly shows the opposite polarization of the A' 1 and the E' modes under circular excitation.
In contrast to the DP Raman tensor, the tensor for scattering due to Fröhlich interaction is diagonal 28 , hence, the scattering is expected to be co-polarized.
Consequently, in TMDCs the DP and FI contributions to the LO-phonon scattering are distinguishable by their contrasting polarization selection rules under excitation with circularly polarized light. Indeed, for excitation with E i = 1.96 eV, which is close to the outgoing resonance with the A exciton of MoS 2 , we observe a very strong contribution of the E' mode in the copolarized configuration (E' CO ) in addition to a rather weak DP related cross-polarized contribution (E' CROSS ) ( Fig. 2d, g) . Hence, the E' mode appears to be overall co-polarized. The polarization of the A' 1 mode remains unchanged under resonant excitation. Data is taken on a field effect structure (Supplementary Note 1 (sample A)) with a polymer electrolyte top gate at a low electron density n 0 .
Doping induced suppression of Fröhlich scattering. The observed polarization of the E' mode strongly suggests that Fröhlich exciton-LO phonon interaction dominates the Raman scattering over the DP contribution under resonant excitation. Surprisingly, we find a strong suppression of this forbidden Raman scattering for heavily electron doped MoS 2 . Figure 2e depicts resonant Raman spectra (E i = 1.96 eV) for an electron density n ++ that is increased by about two orders of magnitude compared to n 0 . We estimate the electron density n e from the energy of the A' 1 mode 29 . ( Supplementary Fig. 1 ). For n ++ , the intensities of the DP contributions A' 1CO and E' CROSS are in the same order as for n 0 , but E' CO vanishes completely such that the overall polarization dependence of the E' mode is crosspolarized ( Fig. 2h ), identical to the non-resonant spectra. In nonresonant Raman measurements, there is no change of the polarization in dependence of n e ( Supplementary Fig. 2 ). The forbidden Raman signal under resonant excitation and its suppression for large n e appears in the temperature range from 3 K to 300 K ( Supplementary Fig. 3 ).
Microscopic origin of the exciton-phonon scattering. We now turn to the discussion of the microscopic origin of E' CO . Strong copolarized exciton-LO-phonon scattering by FI is known from CdS, GaAs and other semiconductors 30, 31 , however, due to low exciton binding energies, only at low temperatures. The combined electron-phonon FI for an electron-hole pair cancels out exactly for zero phonon wave vector q 32 and only the finite wave vector of the photon makes exciton-phonon Fröhlich scattering allowed in backscattering. Figure 3a shows the dependence of the Fröhlich exciton-LO phonon matrix element on qa 0 , where a 0 is the Bohr radius of the exciton. The interaction is strongest for qa 0 ≈ 2. In MoS 2 , the small exciton Bohr radius in the order of 1 nm 33 Figure 3b shows the two Feynman diagrams of the intrinsic and the impurity-assisted Fröhlich exciton-phonon Raman processes. Experimentally, the impurity-assisted second order process can be separated from the intrinsic, first order process due to interference effects as pointed out in ref. 31 . First-order scattering processes via DP or FI have the same initial and final states. Therefore, the tensors of the DP Eq.
(2) and FI Eq. (3) sum up before squaring in the calculation of the scattering intensity Eq. (1):
In contrast, due to larger possible phonon wave vectors, the final states of the impurity-assisted second-order process are different and the scattering intensities sum up after squaring, prohibiting interference effects:
For intrinsic FI scattering, the interference in Eq. (4) leads to a variation of I for different orientations of linearly polarized light with respect to the crystal axes of the sample. Figure 3c shows Raman intensities for parallel polarized incident and scattered light (ê i || ê s ) for a whole rotation of ê i(s) in the plane of the MoS 2 crystal (spectra shown in Supplementary Fig. 4 ). We compare the fitted amplitudes of the E' mode to a calculation of the expected intensities for purely intrinsic or purely impurity assisted FI scattering according to Eqs. (4) and (5) . For the calculation, we extract the relative amplitudes of the DP and the FI contributions from measurements with circularly polarized light. As a reference, we show the calculated and measured Raman intensities of the silicon TO mode because the Raman tensor of the Si TO mode implies an intrinsic correlation of the scattering intensity and the orientation of ê i(s) . From the comparison of experiment and calculations, we conclude that the observed forbidden Raman scattering is consistent to an impurity assisted second-order Fröhlich exciton-LO phonon scattering process that activates scattering with large q phonons. We would like to stress, that for an increase of the exciton radius a 0 by e.g., a factor of 10 with increasing electron density 23 and the subsequent increase of qa 0 = 0.2, the probability of the intrinsic process is only minor increased ( Fig. 3a) and remains small. As q is not fixed in the impurity assisted process, the qa 0 dependence of this interaction remains valid. Further, we exclude an externally applied off-plane electric field to be responsible for the activation of the Fröhlich interaction, because we do observe the presence and absence of the co-polarized E' phonon mode in resonance Raman scattering for samples with different intrinsic doping levels without the application of an electric field ( Supplementary Figs. 5, 6 ). This large variation in the intrinsic doping level of exfoliated MoS 2 monolayers from sample to sample might explain conflicting reports in literature for as-prepared MoS 2 monolayers demonstrating the E' phonon being cross-polarized 27 or co-polarized 35 under resonant excitation.
Discussion
The impurities involved in the scattering process can be either neutral or charged 31 . Electrostatic doping leads to screening of charged impurities, as well as to a filling of (shallow) potential fluctuation, and hence to a reduction of the electron-impurity scattering cross section. As the change of the Fermi energy in our experiments is limited to~13 meV, we expect shallow potential fluctuations induced by local strain or dielectric modifications due to interfacial imperfection or by the interaction with (charged) impurities in the substrate to be responsible for the impurity assisted Fröhlich scattering process. Additionally to the screening of impurities, the suppression of the FI scattering with increasing n e might also result from dielectric screening of the FI because the strength of the FI is inverse proportional to the dielectric constant 25 . We can exclude that a shift and broadening of the excitonic resonance and the well-studied bleaching of the Supplementary Fig. 4 absorption at the exciton resonance, resulting mainly from Coulomb screening 23 , to be responsible for the complete suppression of the FI scattering intensity with increasing n e . The extent to which these effects influence the scattering probability can be estimated from the comparison between the DP and the FI contributions ( Supplementary Fig. 5 ), because the electronradiation interaction and the resonance condition is equally involved in both scattering mechanisms, as we find in temperature dependent Raman and PL measurements ( Supplementary  Fig. 8 ). The much stronger suppression of the FI contribution compared to the DP contributions therefore indicates a suppression of the scattering interaction itself. We conclude that impurity screening and/or dielectric screening of the FI are presumably the most relevant effects to account for a complete suppression of the Fröhlich scattering for high n e . For long wavelength phonons, theoretical models predict a screening of the Fröhlich interaction by electron doping 36, 37 .
The suppression of Fröhlich scattering with increasing n e coincides with an increase of the DoP of the PL from the A exciton. Excitonic intervalley scattering under electron-hole exchange interaction is forbidden by symmetry. The long-range exchange interaction between electron and hole of an exciton is an efficient exchange mechanism between s and p excitonic states in different valleys 38 , whereas s and p states in the same valley do not mix. The strong long-range electric field induced by the LO phonon can efficiently brake the symmetry. The broken symmetry enables this mixing, resulting in a loss of valley polarization via the long-range exchange interaction.
In summary, we observe an increase of the valley polarization of the A exciton with increasing electron density. In corresponding Raman measurements, we find strong polarization forbidden resonant Raman scattering from the LO phonon, which we can attribute to Fröhlich exciton-LO phonon scattering due to an impurity assisted second-order process. Electron doping suppresses this process entirely. We conclude that a reduction of the exciton-phonon scattering rate can improve the degree of valley polarization even at a temperature of 220 K and above. Our experiments demonstrate the relevance of Fröhlich interaction to optical processes in TMDCs and uncover a promising strategy for simultaneously improving valley polarization properties and the charge carrier mobility particularly at elevated temperatures, as required for realistic (opto-) electronic device applications.
Methods
Sample preparation. Data shown in the manuscript is taken on micromechanically exfoliated monolayer MoS 2 flakes (bulk crystal supplied by SPI). We use a PDMS stamp to transfer the flakes onto silicon substrates with a 300 nm thick SiO 2 layer as dielectric (Siltronic AG). Contacts to the MoS 2 flake and for the electrolyte top gate are fabricated by standard optical lithography and e-beam evaporation of 5 nm Ti and 30 nm Au. As an electrolyte top gate, we use either a solid polymer electrolyte consisting of poly-(ethylene oxide) and CsClO 4 (ratio 1:0.12) or the ionic liquid Diethyl-methyl-(2-methoxyethyl)-ammonium-bis-(trifluormethylsulfonyl)-imid (Sigma Aldrich).
Raman and photoluminescence spectroscopy. Raman scattering and photoluminescence measurements are performed in a free beam optical setup using a He/ Ne ion laser or a Kr/Ar ion laser (Melles Griot) for resonant and non-resonant excitation, respectively. The excitation power is 50 µW for all measurements. The light is focused onto the sample with a ×50, NA = 0.42 objective (Mitutoyo) on a spot size of <2 µm. Polarization control is realized by a set of linear polarizers and quarter-wave and half-wave plates (Thorlabs). For details refer to Supplementary Note 1 and Supplementary Fig. 1 . Light from the sample is filtered by a suitable steep-edge long-pass filter (Semrock) and analyzed by a single grating spectrometer (Princeton Instruments Acton SP2560) with a nitrogen cooled camera (Princeton Instruments, Acton PyLon BR400). For Raman and PL spectra, we use gratings with 1800 lines per mm and 300 lines per mm, respectively. Temperature control is granted by a flow cryostat (CryoVac).
Electronic control. Electronic control over the gate potentials during the optical measurements is realized by a two-channel source measurement unit (Keysight Technologies) for top and back gate. The top gate voltage is ramped at a rate of 1 mVs −1 to minimize hysteresis effects. Leakage currents are monitored during all optical measurements to ensure electronic stability of the gate.
